Introduction
Obsessive-compulsive disorder (OCD), which affects 2%-3% of the general population, is a common debilitating disorder characterized by persistent intrusive thoughts (obsessions) and/or repetitive behaviours (compulsions). 1 Despite the high morbidity associated with OCD, the pathophysiology of the disorder remains unclear. Evidence from epidemiologic studies has demonstrated significant familial aggregation of OCD, with a nearly 8-fold higher risk of OCD symptoms developing in firstdegree relatives of OCD probands than in the general population. 2 Recent data suggest that intrinsic brain activity may be under genetic control, 3 and there has been an increased interest in exploring neuroimaging endophenotypes to bridge the gap between genetic predispositions and the clinical symptoms.
Resting-state fMRI is a promising imaging technique that can be used to detect abnormalities in spontaneous neuronal activity. 4 In recent years, most OCD studies have demonstrated resting-state functional connectivity abnormalities within the cortical-striatal-thalamic-cortical (CSTC) circuits, including the orbitofrontal cortex (OFC), anterior cingulate cortex (ACC), thalamus, putamen and caudate nucleus. [5] [6] [7] Furthermore, the strength of the functional connectivity in the resting state between the caudate nucleus and OFC has been reported to predict clinical symptom severity in patients with OCD. 5 The CSTC circuits have extensive connectivity to numerous cortical and subcortical regions, and dysregulation of the connectivity within CSTC circuits is thought to be associated with impaired executive performance, inability to inhibit cognition and behaviour and enhanced error monitoring processes in patients with OCD. 8, 9 Despite these advances, an important question that remains unanswered is whether or not OCD-related functional changes during the resting state occur only within the CSTC circuits. It is worth noting that most of the previous resting-state fMRI studies in patients with OCD have used a seed-based approach. A seed-based approach is useful to detect regionally specific hypotheses of brain function, but has limited power to detect connectivity patterns not predicted a priori. 7 Recently, several lines of evidence from neuroimaging studies have indicated that there are functional abnormalities in large-scale networks outside CSTC circuits, including the parietal, temporal, insular and occipital regions. 10, 11 In the present study, we applied a novel approach to analyze resting-state fMRI data using graph theory to identify brain regions displaying high-degree centrality of connectivity, which represents cortical hubs in the whole brain networks. In contrast to traditional seeding approaches, these methods do not require a priori selection of a particular region and test for whole brain connectivity in every brain region.
Another important question pertains to whether or not there are neuroimaging endophenotypes during the resting state in patients with OCD. Two previous structural studies demonstrated that patients with OCD and their first-degree relatives exhibited grey and white matter abnormalities in common regions, including the OFC and the striatum, suggesting that there may be structural endophenotypes representing markers of increased genetic risk for OCD. 12, 13 In addition, a recent task-based fMRI study showed abnormally reduced activation of the OFC during reversal learning not only in patients with OCD, but also in their healthy firstdegree relatives.
14 These structural and functional findings directly support the existence of underlying neuroimaging endophenotypes and provide insight into the pathophysiology of OCD. To our knowledge, however, no study published to date has assessed brain function in healthy firstdegree relatives of patients with OCD during the resting state, which is a vital step in the identification of putative neuroimaging endophenotypes.
To address these questions, we applied resting-state fMRI to investigate the whole brain fundamental functional alterations in patients with OCD and their healthy first-degree relatives. Given that several previous neuroimaging studies showed abnormal functional integration outside the CSTC circuits in patients with OCD, we hypothesized that these patients would show functional connectivity abnormalities in some regions outside the CSTC circuits (e.g., the parietal, temporal and occipital regions). More importantly, based on previous findings regarding structural and functional abnormalities in the OFC and striatum in first-degree relatives of patients with OCD, we hypothesized that patients and their first-degree relatives would show overlapping resting-state functional connectivity disruption in these regions.
Methods

Participants
We recruited patients with OCD from the Department of Clinical Psychology at the Southwest Hospital, Chongqing, China, between September 2010 and December 2012. The diagnosis of OCD was established by 2 qualified psychiatrists (W.Q. and J.-W.G.) using the Structured Clinical Interview according to DSM-IV criteria. Comorbid nonpsychotic mood and anxiety disorders were not considered to be exclusion criteria if OCD was the primary clinical diagnosis. The healthy first-degree relatives of OCD patients were recruited by approaching patients in the clinic, and the relatives were enrolled if they did not have current or past depression, other major physical or neurologic illnesses, substance abuse or axis I disorders. We recruited healthy controls among hospital staff and by advertisements on the Internet. Exclusion criteria for all participants were history of other psychiatric or neurologic illnesses, history of drug or alcohol abuse, pregnancy, serious physical illness and contraindications to MRI. Conventional MRIs (T 1 -and T 2 -weighted images) were inspected by 2 experienced neuroradiologists (J.W. and H.-T.L.).
We assessed the severity of OCD symptoms using the YaleBrown Obsessive Compulsive Scale (Y-BOCS). 15, 16 Current symptoms of depression and anxiety were assessed using the 17-item Hamilton Rating Scale for Depression (HAM-D) and the 14-item Hamilton Rating Scale for Anxiety (HAM-A), respectively. 17, 18 The first-degree relatives of patients with OCD and healthy controls were screened using the Structured Clinical Interview for DSM-IV (non-patient edition) to ascertain that there was no personal history of psychiatric and neurologic illnesses. The Medical Ethics Committee of Third Military Medical University (Chongqing, China) approved the study protocol, and all participants gave written informed consent according to the Declaration of Helsinki.
Data acquisition
We acquired all images using a 3.0 T MRI system (TIM Trio; Siemens) with an 8-channel phased array head coil. During the MRI scans, all participants were instructed to relax with their eyes closed and lie still without moving. The restingstate functional images were acquired using an echo-planarimaging (EPI) sequence as follows: 36 
Image preprocessing
Image preprocessing was carried out using SPM8 software (www.fil.ion.ucl.ac.uk/spm/). The first 10 volumes were discarded for steady state magnetization and stabilization of participant status. The EPI images were slice-timing corrected to the middle slice acquired in time and then realigned and
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resliced to correct for head motion with a mean volume created. The head motion of all participants during resting-state fMRI acquisition was observed, and data were discarded if the translation exceeded 2 mm or if rotation exceeded 2° (see the Appendix, available at jpn.ca). Next, all functional data were normalized to Montreal Neurological Institute (MNI) space by applying transformation parameters obtained by segmentation of the structural images, and each voxel was resampled to isotropic 3 × 3 × 3 mm. Further preprocessing included linear trend removal and temporal band-pass filtering (0.01-0.08 Hz), which we used to reduce the effects of lowfrequency drift and high-frequency physiologic noise. Finally, we removed spurious or regionally nonspecific variance, including the 6-parameter rigid body head motion, global brain average signals and average signals from the cerebrospinal fluid and white matter, from the data using linear regression. Removal of the global signal caused a shift in the distribution of correlation coefficients such that there were approximately equal numbers of positive and negative correlations, making interpretation of the sign of the correlation ambiguous; 19, 20 therefore, we restricted our explorations to positive correlations, as in previous studies.
21,22
Whole brain functional connectivity analysis
The method used to calculate the functional connectivity has been fully described in previous studies. [21] [22] [23] [24] Briefly, we subjected preprocessed functional runs to voxel-based whole brain correlation analysis (i.e., correlation of each voxel's blood oxygen level-dependent [BOLD] time series to every other voxel's BOLD time series), resulting in a Pearson correlation coefficient (r) matrix. The computation was constrained within a grey matter mask, which was generated by thresholding (a threshold of 0.2) a prior grey matter probability map in SPM8. Then we computed the functional connectivity strength (FCS) of the given voxel using the following equation: 22 S voxel (i) = r ij > r 0 , where r ij is the correlation coefficient between voxel i and voxel j, r 0 is a threshold that is set to eliminate weak correlations possibly arising from signal noise (r 0 = 0.25 in this study) and r ij is converted to z ij using Fisher z transformation when calculating FCS. Before statistical analysis, all individual functional connectivity strength maps were spatially smoothed with a 6 mm Gaussian kernel using SPM8. In general, the brain voxels with higher FCS values usually indicate central roles in the functional integrity of the whole brain networks. This measure has been widely used to examine the importance of the brain voxels of large-scale brain intrinsic connectivity networks.
22,25,26
Seed-based functional connectivity analysis
To investigate more detailed connectivity alteration patterns associated with the identified hubs, we conducted a seed-based interregional correlation analysis. We selected the regions with abnormal FCS values in patients with OCD and their first-degree relatives as regions of interest (ROIs). All analytic methods were the same as most previous resting-state functional connectivity studies (see the Appendix for details).
Statistical analysis
We compared distributions of age, years of education and sex among the groups by conducting 1-way analysis of variance (ANOVA) and the χ 2 test using SPSS software version 18.0. Statistical tests on the functional connectivity maps across groups were performed using a voxel-based, 1-way analysis of covariance (ANCOVA) with post hoc t tests for age, sex and years of education as covariates of no interest. Statistical inferences were made with a voxel-level threshold of p < 0.05 after family-wise error correction for multiple comparisons. For clusters identified in the ANCOVA, we performed follow-up between-group voxel-wise t tests to characterize group differences using the same thresholds within a mask showing group differences from the ANCOVA analysis. Finally, to determine the association between functional connectivity strength and clinical characteristics (Y-BOCS score, HAM-D score, HAM-A score and disease duration), we conducted a voxel-based multiple linear regression analysis in the patients with OCD within regions showing significant functional connectivity strength differences compared to healthy controls, with age, sex and years of education as confounding factors.
Results
Participants
We recruited 40 patients with OCD, 20 healthy first-degree relatives and 40 healthy controls. All participants were righthanded. Of the original participants, 1 woman in the OCD group and 1 man in the control group were excluded from the final analysis; the patient was excluded because of excessive head motion during MRI scanning (> 2 mm in translation) and the control was excluded owing to an incidental finding on conventional MRIs (intracranial arachnoid cyst). The final sample consisted of 39 patients with OCD, 20 healthy first-degree relatives and 39 healthy controls. The 3 groups were well-matched for age (F 2,95 = 1.352, p = 0.27), sex (χ Table 1 ). No patients in this study met the criteria for major depressive disorder, Tourette syndrome or other tic-related conditions. Comorbid lifetime diag noses for the patients with OCD included social phobia (n = 4), dysthymic disorder (n = 2), panic disorder (n = 2), social phobia (n = 4) and generalized anxiety disorder (n = 1). Of the 39 patients with OCD, 33 were drug-naive and 6 had a history of treatment with selective serotonin reuptake inhibitors (fluoxetine [20-40 mg/d]; mean duration of treatment, 62.3 ± 46.5 [range, 10-180] d). Four of the 6 patients had stopped medication for 14-30 days, and 2 patients had stopped medication more than 1 month before entering the study. None of the participants had taken any medications that might affect the central nervous system for at least 2 weeks before MRI scans.
Whole-brain functional connectivity analysis
Our ANCOVA analysis revealed significant group differences in FCS values, primarily in the bilateral prefrontal cortex, cingulate cortex, caudate nucleus, putamen, temporal lobe, parietal lobe and occipital lobe. Compared with the healthy controls, patients with OCD had significantly increased FCS values in the bilateral OFC, ACC, caudate nucleus, putamen, middle frontal gyrus, middle temporal gyrus, parietal lobule and right insula and decreased FCS values in the bilateral occipital lobe, cerebellum and right superior temporal gyrus. Compared with the healthy controls, the first-degree relatives of patients with OCD had significantly increased FCS values primarily in the left OFC, bilateral caudate nucleus, precentral gyrus and left middle temporal gyrus. Compared with the first-degree relatives, patients with OCD had significantly increased FCS values in the right inferior frontal gyrus and decreased FCS values in the bilateral precentral gyrus (Fig. 1) . More detailed information about the clusters in the group comparisons is presented in the Appendix. Notably, compared with healthy controls, patients with OCD and their first-degree relatives showed overlapping increased FCS values in the left OFC, bilateral caudate nucleus and left middle temporal gyrus; the patients did not differ significantly from their relatives in these regions. Figure 2 quantifies the change in FCS values in the affected regions. Correlation analyses in patients with OCD revealed no significant associations between the functional connectivity strength in abnormal brain regions and the Y-BOCS score, HAM-D score, HAM-A score or disease duration. 
Seed ROI-based functional connectivity analysis
To investigate more detailed connectivity alteration patterns associated with the identified hubs, we performed a seed ROIbased interregional correlation analysis. We selected the left OFC, bilateral caudate and left middle temporal gyrus as seed ROIs because of the significantly decreased whole brain FCS in patients with OCD and their relatives compared with healthy controls. Figure 3 shows interregional connectivity with the 4 seed regions (all p < 0.05, corrected). Compared with healthy controls, the patients with OCD and their firstdegree relatives had increased functional connectivity, primarily within the CSTC circuits, including the functional connectivity between the bilateral caudate and OFC, and between the left middle temporal gyrus and left posterior cingulate cortex. More detailed information about the clusters in the group comparisons is presented in the Appendix.
Discussion
We used resting-state fMRI to study whole-brain functional connectivity patterns in patients with OCD, their unaffected first-degree relatives and healthy controls. The primary finding was that patients with OCD had network alterations that were not limited to the CSTC circuits and involved alterations in additional brain systems, including the parietal lobe, occipital lobe, temporal lobe and insula. Moreover, our findings also showed that patients with OCD and their firstdegree relatives had an overlapping increased resting-state functional connectivity primarily in the left OFC, bilateral caudate nucleus and left middle temporal gyrus, suggesting that these regions are neuroimaging endophenotypes representing markers of increased genetic risk for OCD. These findings may not only improve our understanding of the pathophysiologic characteristics of OCD, but may also be helpful in further highlighting heritable neuroimaging endophenotypes of OCD. The CSTC circuits have extensive connectivity to many cortical and subcortical regions, and the dysregulation of these connectivities may contribute to the disturbances of emotion, behaviour and cognition in patients with OCD. 27 Convergent evidence from neuroimaging studies and neuropsychologic studies suggests that abnormalities of CSTC circuits may be at the root of the pathogenesis of OCD. 5, 28, 29 Consistent with this hypothesis, aberrant functional activity in CSTC circuits has been reported in task-based and resting-state fMRI studies, although results have been inconsistent, with reports of increased and decreased functional activity. For example, the striatum, as a crucial region in CSTC circuits, was reported to have increased functional activity, 30 normal functional activity, 31 or decreased functional activity 32, 33 in patients with OCD. Our results confirmed that patients with OCD had increased functional connectivity strength in the bilateral striatum (caudate nucleus and putamen) and other regions within CSTC circuits (bilateral OFC and ACC) in the resting state. We specu late that the increased functional connectivity strength in CSTC circuits may cause dysfunction of information transmission and functional integration, which can bring about obsessive-compulsive symptoms, such as the weakening of inhibitory ability and repetitive behaviour.
In addition, we observed changed functional connectivity in large-scale networks outside CSTC circuits, including the temporal cortex, occipital cortex, cingulate gyrus, insula and cerebellum, and these abnormalities did not exist in first-degree relatives. In fact, most of these regions belong to the limbic system. The limbic system is tightly connected to the prefrontal cortex, and the prefrontal-limbic system has been recognized to be involved in affective processing, decision-making and regulation of memories. 34 In recent years, evidence from neuro imaging studies has suggested that the pathogenesis of OCD may also be related to functional abnormalities within other widely distributed large-scale systems, including the parietal, temporal and occipital regions. 10, 35, 36 In addition, a recent meta-analysis of studies on OCD demonstrated abnormalities in large-scale networks outside CSTC circuits in patients with OCD. 37 Our findings support the existence of systems-level pathology in this disorder, particularly in the limbic system. Future experiments are expected to combine different modalities to clarify the involvement of dysfunction of large-scale networks in the pathophysiology of OCD.
Interestingly, our patients with OCD and their first-degree relatives had increased FCS values in the left OFC, bilateral caudate nucleus and left middle temporal gyrus compared to healthy controls, but patients did not differ significantly from their relatives in these regions. Additional seed ROI-based analyses demonstrated that patients with OCD and their first-degree relatives exhibited increased functional connectivity between the bilateral caudate and OFC and between the left middle temporal gyrus and left posterior cingulate cortex. The presence of these abnormalities in patients with OCD and their healthy first-degree relatives suggests that dysfunction of these regions may not be due to treatment and other secondary environmental factors; it is more likely to be due to neuroimaging endophenotypes for OCD.
The OFC is central to our understanding of OCD endophenotypes because structural and functional alterations of this region are the most frequently reported findings in neuroimaging studies. 6, 14, 38 Chamberlain and colleagues 14 demonstrated that patients with OCD as well as their unaffected first-degree relatives have abnormal activation of the OFC, suggesting that such abnormalities may reflect an underlying vulnerability marker of illness, which is highly consistent with our findings. We speculate that the functional alterations in the OFC that we observed might influence information transmission and functional integration and lead to a decrease in response inhibition for patients with OCD and their first-degree relatives. This can be confirmed by some studies that reported impaired cognitive flexibility and motor inhibition in patients with OCD and their first-degree relatives. 39 The caudate nucleus projects to the OFC, ACC and thalamus and is thought to play a central role in the CSTC circuits. Dysfunction of the caudate in patients with OCD is considered to lead to deficits in thalamic filtering, which in turn lead to excessive activity in OFC. 40 A number of previous studies have demonstrated that the caudate nucleus exhibits abnormalities in functional activation [41] [42] [43] and grey matter morphology. [44] [45] [46] Our findings suggest that functional
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alterations in the bilateral caudate nucleus might underlie implicit information processing deficits, whereas hyperactivity in the OFC leads to a decrease in response inhibition for patients with OCD and their first-degree relatives. The middle temporal gyrus is thought to be related to several cognitive processes, including language and semantic memory processing and multimodal sensory integration. 47, 48 The middle temporal gyrus is thought to be related to several cognitive processes, including language and semantic memory processing and multimodal sensory integration. 47, 48 This region has been implicated in the neuroanatomic model for OCD predominantly through functional connections with the OFC, ventral prefrontal cortex and dorsolateral prefrontal cortex. In recent years, functional deficits in cognitive domains (i.e., language, semantic memory, visuo constructive abilities) have been reported in patients with OCD and their first-degree relatives. 49 Thus, we speculate that dysfunction of the middle temporal gyrus may be related to functional deficits in cognitive domains found in these patients and their relatives and may also play an important role in the gene-related endophenotype of OCD.
Compared with first-degree relatives, patients with OCD showed increased functional connectivity strength in the right middle frontal gyrus. This region belongs to the dorsolateral prefrontal cortex (DLPFC) and is connected to the OFC, thalamus and caudate nucleus. An important function of the DLPFC is executive functions, such as working memory, cognitive flexibility, planning, inhibition and abstract reasoning. 50 Our findings indicate that the increased functional connectivity in the DLPFC may be a state marker that is related to explicit clinical symptoms and may indicate the presence of a therapeutic target for OCD. In the present study, we also observed increased functional connectivity strength in the bilateral precentral gyrus in the relatives of patients with OCD compared with healthy controls and the patients themselves. It is possible that the increased functional connectivity in the precentral gyrus in the relatives of patients with OCD may reflect a compensatory mechanism, such that additional areas are recruited to compensate for the genetic deficiencies. In the present study, we showed that relatives of patients with OCD had abnormal functional connectivity, primarily within CSTC circuits; it is likely that the compensatory mechanism may "cover" the functional deficits of CSTC circuits in this group.
Limitations
There were several limitations to our study. First, there are currently many strategies that can be used to analyze resting-state whole brain network data, such as small-world and modularity. We focused mainly on the nodal functional connectivity strength (weighted degree centrality) because it is very difficult to compute other graph attributes in a huge network with 67 632 nodes owing to a high computational load. 22 In the future, it would be very interesting to compute these graph attributes with the help of high-performance computing systems. Second, 6 patients with OCD had a history of treatment with psychotropic medication; although these patients had a minimum 2-week medication washout period before MRI scans, we could not completely rule out the influence of medicine on brain function. Further studies using large, treatment-naive patients or longitudinal studies are warranted to confirm our preliminary results. Third, patients in the present study were heterogeneous in major symptom dimensions, and several structural and functional studies have shown that there are distinct neural substrates under different major symptom dimensions of OCD; 51, 52 however, we could not further divide the patients into different subgroups owing to the limited sample size. Future studies that focus on the different symptoms or subtypes of OCD may help to further the understanding of the pathophysiology of the disorder. Fourth, we did not obtain HAM-D and HAM-A scores for the relatives of patients with OCD or the healthy controls. However, no participants in this study met the criteria for major depressive disorder, and no significant correlations between the functional connectivity values and HAM-D or HAM-A scores were found in patients with OCD. We could not completely exclude the possibility that our results were influenced by the current comorbid symptoms of the participants. Further investigations are warranted to confirm our preliminary results after controlling for the comorbid depression and anxiety ratings of the participants on the HAM-D and HAM-A scales.
Conclusion
Using resting-state fMRI, our findings demonstrated that patients with OCD have abnormal resting-state functional connectivity that is not limited to CSTC circuits and involves abnormalities in the limbic system. Moreover, we identified similar functional connectivity abnormalities within CSTC circuits in patients with OCD and their healthy first-degree relatives. Such brain-based neuroimaging endophenotypes may be helpful in the search for an underlying genetic predisposition to OCD. Future experiments are expected to combine different modalities to provide more information about OCD.
